The kinetic properties of Escherichia coli glutamine synthetase are markedly influenced by the manner in which the organism is grown. Enzyme obtained from stationary-phase cells grown on glycerol and glutamate is strongely inhibited by each of the eight feedback effectors known to influence this enzyme; however, the enzyme from log-phase cells grown on glucose and growth-limiting concentrations of NH4C1 is stimulated by some of these effectors. Of the growth variables examined, nitrogen source and time of harvest were the most important; carbon source and aeration seemed to have no effect. Two purified enzyme preparations have been obtained from cells grown under two different conditions, designated enzymes I and II for convenience. Enzyme I is stimulated by adenosine 5'-monophosphate, histidine, and tryptophan in the transfer assay, whereas enzyme II is strongly inhibited by all effectors tested. Enzyme I has a higher specific activity in the forward assay in the presence of Mg++ or Co++, whereas enzyme II is more active in the presence of Mn §.
Cumulative feedback inhibition of Eschcerichia coli glutamine synthetase by eight potential end products of glutamine metabolism has been described (8) . In the course of more detailed kinetic studies, it was found that a particular crystalline homogeneous enzyme preparation (7) was more susceptible to most of the inhibitors than was the partially purified enzyme orginally described (8) .
Efforts to reconcile the difference in behavior of the two enzyme preparations led to the discovery that E. coli produces two forms of glutamine synthetase (synthetases I and II) that exhibit markedly different kinetic characteristics. As shown in this paper, the glutamyl transferase activity of synthetase II is strongly inhibited by high concentrations of any one of the eight end products of glutamine metabolism, whereas the transferase activity of synthetase I is either unaffected or is actually stimulated by high concentrations of some of these compounds. Data are presented showing that the relative concentration of the two enzymes is markedly influenced by the conditions of growth. Finally, a procedure for the isolation of apparently homogeneous preparations of the two enzyme forms is described and 30-sec bursts with a Sonifier, model S75 (Branson Instruments Corp., Stamford, Conn.). Debris was removed by centrifugation at 12,100 X g for 10 min.
Growth conditions for the production of synthetase II. Cells were grown aerobically at 37 C in a 300-liter fermentor containing 21 mm glycerol, 19 mm glutamate, 1.7 mM MgSO4, 14.3 mr K2SO4, 43 mi NaCl, and 0.1 M mixed potassium phosphates to give a final pH of 7.1. The bulk of the volume of all media was tap water. The fermentor was inoculated with 30 liters of cells grown in carboys on the same medium at 37 C for 24 hr. The cell growth was allowed to proceed into the stationary phase, with harvest 20 to 24 hr after inoculation. The conditions were the same as those which had been used to obtain the crystalline enzyme previously described (7) , and which had been chosen for maximal derepression. The usual yield of cells was 1.5 to 1.7 kg (wet weight) per 300-liter fermentor.
Growth conditions for the productionz of syntthetase I.
Cells were grown aerobically at 37 C in a 300-liter fermentor on a medium differing from the above only in carbon and nitrogen sources; the other components were identical. The carbon source was 11 mm glucose, and the nitrogen source was 4 mm NH4Cl. The fermentor was inoculated with 15 liters of cells grown in a carboy on the same medium at 37 C for 8 to 10 hr, and the optical density of the medium was followed by using the no. 66 filter in the Klett colorimeter. The fermentor was quickly cooled and the cells were harvested as soon as the Klett reading reached 140, which was the value at the end of the log phase. Har The second assay of glutamine synthetase was the forward assay which measures the release of phosphate from ATP in the presence of glutamate and ammonia (7) . Imidazole buffer was reduced from 50 to 10 mm, and 10 mm tris(hydroxymethyl)aminomethane (Tris), 5 mm acetate, and 5 mm borate were included to permit examination of a broad pH range. Assays were run for 10 mmn at 37 C. Specific activities were expressed as micromoles of phosphate produced per minute per milligram of enzyme.
Disc-gel electrophoresis. Disc-gel electrophoresis was performed according to Davis (1) , using the standard 7.5% gel and Tris-glycine buffer.
RESULTS
Effect of growth time, nitrogen source, and carbon source on susceptibility ofglutamine synihetase to effectors. A 25-ml inoculum of E. coli strain W was grown overnight (or in the case of nitrite for several days) on the five pairs of carbon and nitrogen sources listed in Table 1 . In all cases the concentrations of ingredients other than carbon and nitrogen sources were identical to those described for large-scale preparations under Materials and Methods. For each pair of carbon and nitrogen sources three flasks were prepared for inoculation; two contained 250 ml medium in a 2-liter flask; one contained 50 ml of medium in a 300-ml flask with a test tube side arm. The 2-liter flasks were inoculated with 10 ml of the appropriate inoculum, and the 300-ml flasks with 2 ml of inoculum. In these experiments, nitrogen source determined the growth rate. The times required to double optical density were: on NH4CI, 50 min; on glutamate, 140 min; and on nitrite, 10 hr.
In each case, one of the 2-liter flasks was harvested at or near the end of the log phase, and the other flask after considerable time in the stationary phase. Glutamine synthetase was assayed in the crude extracts by the transfer assay as described in Materials and Methods, in the presence and absence of effectors. The results are presented in Table 1 . Numbers over 100 represent stimulation by the effector, and numbers less than 100, inhibition.
In each case, in this and in many similar experi- Table 2 .
It can be seen that even over this narrow range, the concentration of NH4CI in the growth medium has a marked effect on the responsiveness of the glutamine synthetase to various effectors. At the lower concentrations of NH4Cl, enzyme is produced which is stimulated by AMP, histidine, and tryptophan. At the higher concentrations of NH4Cl, enzyme is produced which does not show Table 2 , and confirm earlier results indicating that ammonium ion represses synthesis of glutamine synthetase (7, 8) . In addition, they demonstrate that repression and control of effector sensitivity are not tightly linked. In this case, maximal derepression at low ammonium ion concentration is accompanied by production of enzyme that is stimulated by AMP, histidine, and tryptophan. In that there are unknown and uncontrolled variables operating to bring about the changes observed.
Purification of large amounts of synthetase I and II. The form of glutamine synthetase that is strongly inhibited by high concentrations of each of the end-product effectors, is referred to as synthetase II. This form of enzyme had already been prepared in homogeneous, crystalline form (7) from cells grown on glycerol and glutamate as described in Materials and Methods. The form of glutamine synthetase that is resistant to inhibition by tryptophan, histidine, AMP, or CTP is referred to as synthetase I. This form of the enzyme was prepared from 2.5 kg of cells grown on glucose and NH4C1 as described in Materials and Methods. It was found that the synthetase I could be purified by exactly the same procedure as that previously described for synthetase II (7) . After the third acid-ammonium sulfate step, the enzyme had been purified 220-fold with an overall yield of 55 %, and contained a minor contaminant disclosed by disc-gel electrophoresis. This contaminant was removed by repeated reprecipitations with acetic acid at pH 4.4, some with 10% (NH4)2SO4, and some with 30% (NH4)2SO4. The recovery from these reprecipitations was quantitative. The final preparation contained 500 mg of apparently homogeneous protein as judged by disc-gel electrophoresis. Crystallization was not attempted. A mixture of synthetases I and II could not be separated by standard disc-gel electrophoresis in glycine-Tris buffer in either 7.5 or 5.0% gels. Synthetases I and II have the same sedimentation coefficient, and appear to be identical on electron microscopy (B. M. Shapiro, A. Ginsburg, and R. C. Valentine, unpublished data).
Response of enzyme I and II to effectors. In spite of the marked physical similarities between these purified enzymes, and in spite of the fact that both catalyze the synthesis of glutamine and the transfer reaction, there are marked kinetic differences. The differences in response to effectors in the transfer assay are presented in Table 4 . Although the extent of stimulation by AMP and histidine is somewhat reduced, and there are other smaller differences, purified synthetase I behaves toward inhibitors in a manner similar to that observed in the crude extracts of log-phase NH4Cl-grown cells ( Moreover, in the presence of Ca++ the activity pH profile is distinctly different for the two enzymes; synthetase II has a pH optimum at about 7.1, whereas synthetase I exhibits a broad maximum in the range of 8 to 10, without the decrease at high pH seen with the other divalent cations.
The data summarized in the four left-hand frames of Fig. 1 have been plotted in order to emphasize differences in the responsiveness of the two kinds of enzymes to various divalent cations. It should therefore be noted that the specific activity scale (i.e., the ordinate) in Fig. 1 for each separate cation is different. Thus, the effectiveness of the various cations for both enzymes is ordered in the sequence Mg++ > Mn++ > Co++ > Ca++. To emphasize the marked difference in the responses of the two enzymes to Mg++ and Mn++, the data for both of these cations are plotted on the same scale in the right-hand frame of Fig. 1 . It can be seen that the specific activity of synthetase I is 40 times greater in the presence of Mg++ than in the presence of Mn++, whereas the specific activity of synthetase II is essentially the same in the presence of either cation. This figure also shows, as noted earlier (7), that with Mn++ the pH optimum is about 7.0, whereas with Mg++ the pH optimum is about 8.0. An experiment similar to the one in the first section was performed to test the interconvertibility of the two types of enzyme. An inoculum was prepared by growing E. coli W overnight in 250 ml of the glycerol-glutamate medium described for preparations of synthetase II. The cells were harvested by centrifugation; three-fourths of the cells (batch A) were frozen for subsequent enzyme assays; one-fourth were washed once with sterile 0.85% NaCl, and then resuspended in 60 ml of saline for use as an inoculum for the following experiment. Samples (10 ml) of the inoculum were transferred to three 300-ml side-arm flasks containing 50 ml of the glucose-ammonium chloride medium described for production of synthetase I. Growth was followed by increase in optical density as measured with a Klett colorimeter (no. 66 filter). The growth curve thus obtained is shown in Fig. 2 .
As indicated in Fig. 2 were then prepared as described in Materials and Methods, and the effector responses of each were determined in the glutamyl transferase assay. The results are summarized in Table 5 . As expected, the enzyme from batch A (i.e., glutamate-grown cells) was strongly inhibited by all effectors as is typical of synthetase II (see Table 4 ). A similar effector response was observed also with extracts of batch B cells. However, as is characteristic of synthetase I, the activity in extracts of cell batches C and D was not inhibited by AMP, tryptophan, or histidine but was slightly more sensitive to glycine and alanine inhibition. It is therefore: obvious that a more or less complete conversion of synthetase HI-type activity to synthetase I-type activity occurred during a short interval of time-(ca. 45 min) during the last phases of the doubling. of cell mass which followed transfer of the glutamate-grown cells to the NH4C1 media. The fact that an average of one cell division in the NH4C1 media was required to effect this change may befortuitous, since this occurred at the end of the log phase and presumably coincides with depletion of the limited nitrogen supply. Nevertheless, it is significant from the mechanistic point of view that the transition from synthetase II-to synthetase I-type activity was achieved during the brief period of time between harvesting batch B and batch C cells, when the total mass of cellular material was increased by only 40%. This fact, and the further observation that the specific activity of the enzyme in the transferase assay did not change appreciably during this transition period, support the conclusion that in this experiment synthetase I was formed by modification of preformed synthetase II. The alternative explanation, that there was a rapid degradation of synthetase II with concomitant rapid synthesis of synthetase I, is unlikely in view of the low turnover rates normally observed for bacterial proteins. Results are expressed as in Table 1 . Batches A through D are batches of cells harvested at the times shown in Fig. 2 . 
DISCUSSION
During a search for growth conditions giving maximal derepression of glutamine synthetase and thus higher yields of enzyme for purification, the methods for growing E. coli in this laboratory were changed between the report of cumulative feedback inhibition of the glutamine synthetase (8) and the report of some of the properties of the crystalline enzyme (7) . An investigation of discrepancies between current work and the earlier work led to the discovery of the two enzyme forms reported here. The phenomenon, if a general one, emphasizes the need to specify rigorously the growth conditions under which large batches of organisms are obtained for the purposes of enzyme purification. In addition, it is evident that experiments, in which crude extracts are examined for amount of enzyme to determine the level of derepression, may not reveal the possibility that the enzyme being examined is changing not only in amount but also in type.
The isolation, in apparently homogeneous form, of two glutamine synthetases with similar physical properties but different kinetic properties, adds a new dimension to the biological control of this enzyme, which is of such central importance in the nitrogen metabolism of E. coli. In contrast to the aspartokinase system (6), the glutamine synthetase seems to be changed with respect to all effectors, rather than existing in separate forms each of which is sensitive to one effector. The last experiment presented suggests strongly that the two forms of enzyme are metabolically interconvertible. The rapidity with which the interconversion took place suggests that a mechanism exists for the control of the proportion of the two forms which would provide for rapid feedback control of glutamine metabolism. Table 1 , column A). In contrast, the purified synthetase I showed only 10% stimulation by 40 mm AMP (see Table  4 ), suggesting that a small amount of conversion of synthetase I to synthetase II might have taken place during the early stages of purification. Similarly, the purified synthetase II is less sensitive to inhibition by AMP (Table 4 ) than are crude extracts of stationary-phase glycerol-glutamate cells (Table 1 , column C), suggesting that synthetase II is contaminated in some degree with synthetase I.
It is evident from the data in Fig. 1 that the conversion of synthetase I to synthetase II is associated with a large decrease in specific activity as measured in the forward assay in the presence of Mg++. The conversion of synthetase I to synthetase II is therefore reminiscent of the glutamine synthetase inactivation system described by Mecke et al. (5) . These workers have demonstrated the presence of an enzyme in E. coli B that catalyzes an ATP, glutaminedependent inactivation of glutamine synthetase, as measured in the biosynthetic assay, in the presence of Mg++. They report that this inactivation proceeds almost to completion (90%). However, the lower specific activity of their inactivated enzyme (glutamine synthetase b) compared to that of our synthetase II could be explained by slight contamination of the latter with synthetase I, as was suggested above. It therefore seems possible that the inactivating enzyme of Mecke et al. is identical with that postulated here for the conversion of synthetase I to synthetase II. In this case, synthetases I and II would be identical with the glutamine synthetases a and b, respectively, of Mecke et al., and the apparent inactivation reaction would involve the covalent binding of AMP to synthetase I (i.e., to glutamine synthetase a). Moreover, the glutamine synthetase b of Mecke et al. should be catalytically active in the bioynthetsic assay when Mn++ rather than Mg++ is supplied as the divalent cation. This follows from the data in Fig. 1, which Discrepancies remain between the current work and the original reports from this laboratory (7, 8) . For example, Woolfolk et al. (7) in Fig. 4 of their paper presented pH curves in the forward assay using the same buffer system used here, and three of the four metals used here. The curves have similar shapes, and they have the same pH optima for Mg++, Mn++, and Co++. However, the specific activities reported by Woolfolk et al. at the pH optima were: in the presence of Mg++, 125; in the presence of Mn++, 28; in the presence of Co++, 27. All of these values are higher than the values obtained with either preparation reported here, and could thus not be explained as resulting from a mixture of the two forms reported here. Similarly, the lower levels of inhibition by glycine and L-alanine reported earlier (8, 9) cannot be explained by a mixture of the two forms reported here. The differences in behavior between different preparations of enzyme may be caused by differences in in vitro manipulations which may affect the sensitivity of the enzyme to effectors (9) .
The present report shows, however, that the conditions under which E. coli is grown have a profound effect on the kinetic properties of the glutamine synthetase produced. Differences between earlier enzyme preparations and those under current study may be related to variations in growth conditions. In this regard, it may be significant that the earlier enzyme preparations were obtained from cells grown under continuous culture in a Biogen under conditions of extreme nitrogen starvation, whereas all later preparations were obtained from cells grown in a batchtype fermentor. If these differences in nitrogen nutrition are responsible for the differences between the current work and the original reports, clarification must await better understanding of the factors controlling the modification of the glutamine synthetase molecule.
